Increased aortic stiffness is an early and independent biomarker of cardiovascular disease. Here we tested the hypothesis that vascular smooth muscle cells (VSMCs) contribute significantly to aortic stiffness and investigated the mechanisms involved. The relative contributions of VSMCs, focal adhesions (FAs), and matrix to stiffness in mouse aorta preparations at optimal length and with confirmed VSMC viability were separated by the use of small-molecule inhibitors and activators. Using biomechanical methods designed for minimal perturbation of cellular function, we directly quantified changes with aging in aortic material stiffness. An alpha adrenoceptor agonist, in the presence of N G -nitro-L-arginine methyl ester (L-NAME) to remove interference of endothelial nitric oxide, increases stiffness by 90 -200% from baseline in both young and old mice. Interestingly, increases are robustly suppressed by the Src kinase inhibitor PP2 in young but not old mice. Phosphotyrosine screening revealed, with aging, a biochemical signature of markedly impaired agonist-induced FA remodeling previously associated with Src signaling. Protein expression measurement confirmed a decrease in Src expression with aging. Thus we report here an additive model for the in vitro biomechanical components of the mouse aortic wall in which 1) VSMCs are a surprisingly large component of aortic stiffness at physiological lengths and 2) regulation of the VSMC component through FA signaling and hence plasticity is impaired with aging, diminishing the aorta's normal shock absorption function in response to stressors. smooth muscle; focal adhesion; alpha agonist; Src; phosphotyrosine CARDIOVASCULAR DISEASE (CVD) is the leading cause of death in the United States. Aortic stiffness, a biomechanical property of material and structure, is clinically assessed with in vivo observations of pulse wave velocity (PWV). Increased PWV, an early and independent biomarker of CVD, has been observed in a broad spectrum of individuals ranging from aged individuals with no other apparent disease (24, 46) to those with disorders such as hypertension (21), diabetes mellitus (10), emphysema (25), and end-stage renal failure (5). Elevated PWV in the large vessels leads to increased transmission of high pressures to small vessels downstream and is thought to cause remodeling of the microcirculation and subsequent adverse effects on end-organ function. Recently, increases in PWV in mice have been shown both to precede and to be augmented by hypertension (45). Additionally, mechanical stretch in mice can induce a self-perpetuating cycle of hypertrophy in small vessels (48). Collectively, these studies and other studies in humans indicate that factors that increase aortic PWV are prognostic, and may be causative, of CVD and mortality (3, 27) .
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It is far from clear how changes in blood vessel properties contribute to observed increases in PWV. A mathematical relationship between PWV and vessel stiffness has been described by the Moens-Korteweg equation, in which PWV is proportional to the square root of the elastic modulus, alternatively known as material stiffness (15) , and also dependent on wall thickness and vessel diameter. However, the MoensKorteweg equation is predicated on several simplifying and nonphysiological assumptions, including uniformity of vessel composition (9, 14) , as well as dynamic values of vessel geometry that are difficult to quantify in vivo. Therefore, in order to understand more comprehensively the relationship between PWV and aortic stiffness, it is first necessary to directly determine how changes to in vitro material properties of the blood vessel wall and its subcomponents contribute to aging-induced increases in aortic stiffness.
While classical and recent studies of vascular mechanics attribute the majority of vessel wall stiffness largely to the extracellular matrix (ECM) (4, 44, 47) , a few indicate that vascular smooth muscle (VSM) activation produces nonnegligible increases in stiffness (1) . Many different structural and biochemical changes occur within the vessel wall with aging (20) , and recent studies of cultured vascular smooth muscle cells (VSMCs) have shown an increase in cellular stiffness with aging (33) . Thus VSMCs may play an important role in effecting and affecting aortic stiffness, although their contributions relative to that of ECM and the effects of aging have not been ascertained.
In the present study, aortic mechanical properties were directly measured to assess the VSMC component of stiffness in the aortic wall. In vitro biomechanical tissue properties were quantified in aortic samples confirmed to contain viable smooth muscle cells. We demonstrate that these properties are separable into quantifiable components distinguished by activation levels of VSMCs and that, unexpectedly, smooth muscle contributes up to half of total material stiffness. These measurements were performed for the first time in old mouse aortas by using direct mechanical distension to produce circumferential strain, in contrast to previous biomechanical studies of old aortas utilizing pressurization (29, 30) . Furthermore, we show that with aging regulatory pathways related to focal adhesion signaling in the smooth muscle cell are lost, an effect expected to compromise the ability of the proximal aorta of an old mouse to perform its normal function as a hemodynamic shock absorber and maintain appropriate stiffness levels in the presence of in vivo challenges.
METHODS
Preparation of aortic samples. Aortas were excised from euthanized male C57BL/6J mice (young, 3 Ϯ 1 mo of age: Jackson Labs; old, 29 Ϯ 1 mo of age: supported by National Institute of Aging) according to protocols approved by the Institutional Care and Use Committee (IACUC) of Boston University. Aortas were immediately placed in a physiological salt solution (PSS; in mM: 120 NaCl, 5.9 KCl, 11.5 dextrose, 25 NaHCO 3, 1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2; pH ϭ 7.4) equilibrated with 95% O2-5% CO2. Loose perivascular fat was removed from aortic samples. Segments of 4-to 5-mm axial length (unloaded) were isolated from the proximal end of the descending thoracic aorta. There was no significant difference in axial length from cut segments between young and old animals.
Measurements of aortic geometry. Axial length and outer diameter of samples were measured under a light microscope (ϫ4) during aortic dissection of unloaded segments in PSS. Small rings adjacent to both ends (proximal and distal) of the thoracic aorta ring to be studied were incubated for 30 min in nuclear stain (NucBlue from Life Technologies). After the incubation period, individual rings were imaged with fluorescence microscopy (ϫ20) for autofluorescence of medial elastin fibers and the NucBlue stain via NIS-Elements software (Nikon Instruments). For each ring, 15-20 measurements were taken and averaged to obtain the average medial thickness of the wall. The measurements for both proximal and distal thoracic aortic rings were then averaged to obtain a single representative unloaded wall thickness measurement for the thoracic aorta segment to be studied.
Uniaxial stretching apparatus and normalization of force measurements. Thoracic aorta segments were suspended in an organ bath, submerged in oxygenated PSS warmed to 37°C by a thermostat-controlled water bath and circulation system to maintain viability, and threaded with triangular pieces of wire. As shown in Fig. 1A , this allows the segments to be stretched uniaxially in a way that simulates circumferential distension. Stretch was monitored by the model 300C DualMode Lever Arm System by Aurora Scientific (Aurora, ON, Canada) and performed by using an electronic input to the lever arm motor via a function generator. Chart software (AD Instruments) was used for data acquisition from the system. The extent of stretch performed to obtain a steady-state force response, known as the operating length and specific to each sample, was established as circumferential strain ε, a percentage of outer aortic diameter of that sample in the unloaded state.
The lever arm also served as a force transducer, allowing for measurements of a steady-state force F, the equilibrated response after stretching to the operating length. Dividing force by the axial length l of the tissue normalizes it to wall tension. Circumferential stress was obtained by normalizing F to cross-sectional area A of unloaded tissue: ϭ F/A and A ϭ 2hl, where h is the wall thickness and l is the axial length.
High-frequency, low-amplitude stretch for material stiffness measurements. In vitro aortic stiffness is defined in this study as the material stiffness of aortic tissue, equivalent to the elastic modulus derived from directly measurable circumferential force responses to small-length oscillations (18) . High-frequency (40 Hz), low-amplitude (ϩ1% strain from optimal length) sinusoidal stretching was applied persistently to obtain a time course of force-response data. Based on our preliminary experiments and previous studies, these parameters resulted in negligible phase lag of the force response or breakage of actomyosin cross bridges in the tissue (8) . Solution changes were conducted without disturbance to the ongoing movement of the lever arm or the force trace as monitored via software.
As shown in Fig. 1B , oscillatory sinusoidal input produced a force response from which the change in stress could be calculated as the amplitude of the force output waveform (⌬F) normalized to crosssectional area A. Stiffness is defined as this change in stress divided by the change in strain (1%, ⌬L) imposed atop the strain of the operating length (L). This strain was applied to equilibrated tissue at least 30 min after stretch to L. Effectively, the high-frequency, low-amplitude (HFLA) protocol produces a local stress-strain relationship in the neighborhood of the operating length L; the stiffness is the elastic modulus as calculated from this response.
Stress-strain curves determined from force responses to slow highamplitude ramp stretch. With the same stretching apparatus, stressstrain curves were obtained from force responses to slow, highamplitude ramp stretches applied from the unloaded state, or slack length. The strain rate applied to aortic samples was 20%/s, up to a maximum of 400% or tissue yield and rupture. The force response corresponding to the loading curve was normalized to stress. Stiffness values for specific strains were obtained by plotting stress against strain and calculating the local slope, i.e., the elastic modulus, around specific strain levels. Tissues were maintained in calcium-free PSS (in mM: 120 NaCl, 5.9 KCl, 11.5 dextrose, 25 NaHCO 3, 1.2 NaH2PO4, 1.2 MgCl2, 2 EGTA; pH ϭ 7.4) to isolate passive mechanical properties of the aortic wall.
Confirmation of VSMC viability and agonist stimulation. Prior to all steady-state force measurements made with the lever arm length controller, we used 51 mM KCl PSS (in mM: 75 NaCl, 51 KCl, 11.5 dextrose, 25 NaHCO 3, 1.2 NaH2PO4, 5.35 MgCl2, 2.5 CaCl2; pH ϭ 7.4) to confirm VSMC viability in all aortic samples. This solution depolarizes smooth muscle cells and opens voltage-gated calcium channels, increasing intracellular calcium levels and inducing muscle Fig. 1 . In vitro steady-state stiffness methods. A: schematic of lever arm for stiffness measurements; steady-state force response measured from stretching the tissue sample (shown here with typical unloaded in vitro geometry) is that which is experienced in the circumferential direction at the center of the axial cross section (arrow). B: representative force trace with sample inset of electronic recordings for high-frequency, low-amplitude (HFLA) oscillatory stretch; sinusoidal length input (⌬L) and force output (⌬F) were used to calculate stiffness at optimal length L. Stiffness E is the ratio of change in stress (⌬, equivalent to ⌬F normalized to cross-sectional area A) to change in strain experienced by tissue (⌬ε). contraction. A stimulation period of 15 min enabled samples to approach contractile steady state.
After confirming VSMC viability, we washed out KCl with PSS and allowed samples an equilibration period of 30 min to return to an inactivated baseline. To maximally activate VSMCs in these samples, we then performed a two-step treatment. First, we added the alpha agonist phenylephrine (PE; 10 M), which has previously been shown to increase contractility by both actin-and myosin-mediated mechanisms (49) maximally at the noted concentration (38) . Equilibration occurred 15 min after addition of PE. Second, after equilibration, we followed with the addition of 300 M N G -nitro-L-arginine methyl ester (L-NAME), a cell-permeant precursor of nitroarginine that inhibits nitric oxide synthase (NOS) (2, 36) . Nitric oxide (NO), a product of the intimal endothelial monolayer in the mouse arterial wall, alters aortic smooth muscle tone and would be expected to alter stiffness. Equilibration was reached 20 min after addition of L-NAME.
Immunoblots. Tissues were quick-frozen in an acetone-dry ice slurry containing 10% trichloroacetic acid (TCA) and 10 mM dithiothreitol (DTT), homogenized, and processed at 4°C as described previously by our group (23) . The homogenization buffer, designed to preserve native phosphoprotein levels, consisted of 20 mM MOPS, 4% SDS, 10% glycerol, 10 mM DTT, 20 mM ␤-glycerophosphate, 5.5 M leupeptin, 5.5 M pepstatin, 20 KIU aprotinin, 2 mM Na 3VO4, 1 mM NaF, 100 M ZnCl2, 20 M AEBSF, and 5 mM EGTA. Densitometric analysis of immunoblots was performed with the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). Tyrosine phosphorylation (pTyr) densitometry was normalized to that of ␣-tubulin densitometry. pTyr was examined after 15-min exposure of the vascular tissue to PE. At this time point, VSMC activation has reached steady-state values, corresponding to the maximally effective dosage of 10 M (38).
Statistics. All results are reported as means Ϯ SE. Unpaired Student's t-tests were performed to analyze single statistical comparisons between dimensional measurements and absolute values of stress and stiffness from young and old mouse aortas. Two-way ANOVA and Tukey's range test post hoc were used for all instances of multiple comparisons. Tests were performed in GraphPad Prism. Significance was defined at the P Ͻ 0.05 level.
RESULTS
Physiological optimal length in mouse aorta does not change with age. As reviewed by Wagenseil and Mecham (43) , the physiological range of circumferential stretch ratios experienced by mouse aorta in vivo during normal blood flow is between 1.5 and 1.8, i.e., a circumferential strain of 50 -80%.
To select the value within this range most appropriate for stiffness measurements reflective of physiological VSMC contributions, we also measured the physiological optimal length of the tissue, the value for which active force production is maximal, both in young and old mouse aortas (6) .
At 20% increments of sustained circumferential strain, up to 200% total strain, the contraction induced by 15-min (steady state) equilibration with 51 mM KCl PSS was recorded. After washout with PSS and 30 min of equilibration, the tissue was stretched to the next increment of 20% strain. As shown in Fig. 2 , the force production at 80% circumferential strain is not significantly different from maximal force production and is also within the in vivo range of circumferential strain measured by Wagenseil and Mecham. Furthermore, optimal length was determined not to differ between young and old mice. Thus 80% was used as the operating strain for all subsequent in vitro stiffness measurements.
Baseline aortic wall tension increases with aging at optimal length, but stiffness decreases. Measurements from 13 young and 12 old mice demonstrated significant increases in average outer vessel diameter at slack length (young: 755 Ϯ 10 m, old: 936 Ϯ 17 m; P Ͻ 0.001) and wall thickness (young: 56.9 Ϯ 0.4 m, old: 76.9 Ϯ 0.9 m; P Ͻ 0.001). Assuming cylindrical geometry of each wall at slack length, we infer that the inner diameter also increases with age and approximate this by subtracting twice the thickness from the outer diameter (641 m in young vs. 782 m in old).
We define baseline force as that experienced by an aortic tissue sample stretched to 80% strain and allowed to equilibrate. The baseline stiffness (elastic modulus) was measured as the resultant ratio of change in stress to change in strain in response to HFLA (1%) changes in length (see METHODS for details), as a sinusoidal oscillatory stretch superimposed upon optimal length. Changes in strain were kept small to cause essentially negligible perturbation of the tissue.
Baseline force, observed at steady state after equilibration at optimal length, increased significantly with aging (ϩ34%, P Ͻ 0.001) in response to being stretched to the operating strain of 80% (Fig. 3A) . In vivo, wall tension is an important parameter, particularly under hypertensive conditions, as it has been linked to changes in transforming growth factor-␤ (TGF-␤) and NO release from the endothelium (32) . When wall tension Physiological optimal length, the strain level at which maximal contractile stress (kPa) occurs within physiological ranges of aortic strain, was determined to be 80% in both young and old mice (n ϭ 3 each).
( Fig. 3B) is calculated by dividing the measured force by axial length, there is also a significant increase with aging (ϩ32%, P Ͻ 0.001). However, when wall tension is normalized by cross-sectional area to calculate stress (Fig. 3C) , no difference is seen, indicating that vessel geometry is the primary effector of increased wall tension. We performed small HFLA stretches (see METHODS for details) to calculate stiffness and found that the baseline value actually significantly decreased by 16% with aging (P Ͻ 0.001), as shown in Fig. 3D . This was surprising given previous reports of increased PWV in old mice (35) . It is clear that baseline in vitro material stiffness, calculated as the elastic modulus, fails to account for aging-induced increases in PWV alone when applied to the Moens-Korteweg equation in conjunction with changes in wall geometry.
Increased passive aortic stiffness with aging occurs only beyond physiological strain levels. To reconcile the apparent discrepancy between our steady-state baseline results and stiffness results from other studies in the literature (11), we constructed stress-strain curves for young and old mouse aortas by subjecting tissue samples to slow, high-amplitude ramps spanning a range of strains from 0 to 250%, well beyond physiological levels and beyond even the upper limit of previously acquired length-tension curves. Additionally, we eliminated any possible contributions from VSMCs by deactivating them in a calcium-free environment, mimicking the conditions established in similar studies (see METHODS for details) (12) . Passive aortic stiffness values were calculated as the local slopes of the stress-strain curve at 25%-strain intervals, with the exception of replacing the 75% point with 80% in correspondence with optimal length.
As shown in Fig. 4 , a significant increase with aging exists in stress and stiffness, beginning at strains of 250% and 200%, respectively. Between 100% and 200% strain, the stress-strain curve for old aorta appears to overtake that of young aorta, which leads to higher stiffness values at higher strains. Thus these results are compatible with increased passive stiffness attributed to old aortas in previous in vitro studies that evaluated stiffness at higher strains (11, 12, 29) . Additionally, the stress-strain curve shows a downward trend in baseline stiffness with aging at physiological strain ranges, qualitatively comparable to stiffness measured via the HFLA protocol.
VSMCs account for up to half of maximal total aortic stiffness. To study the contributions of VSM to aortic stiffness under more physiologically correspondent conditions, we activated VSMCs in young and old aortas with PE and then L-NAME as detailed in METHODS. Steady-state stress and HFLA stiffness values were obtained after each equilibration period. We define the active stress and stiffness as the increases from baseline observed after addition of PE, reflecting the activation of the smooth muscle cells. Treatment with L-NAME induced no change in baseline stress or baseline stiffness values after 30 min [Ͻ2% change, not significant (ns)], indicating that the VSMCs must be activated with agonist in order for NOS inhibition to have an effect on stress and stiffness, further supporting the concept that the active component is separable and necessarily dependent upon agonist stimulation. We define maximal active stress and stiffness as the increases from baseline observed after addition of both PE and L-NAME, or, in purely quantitative terms, the sum of the active and NOinhibited components. No significant difference in the magnitude of the PE effects alone was seen between young and old mice (comparing open bars to corresponding filled bars in Fig. 5, A and B) . After 15 min of stimulation with PE, we treated aortas with L-NAME for an additional 20 min, with PE still active. As a result, stress and stiffness significantly increased further, as shown in Fig. 5 , A and B (P Ͻ 0.001). A smaller increase in stress resultant from NO inhibition was observed with aging as shown in Fig.  5A (P Ͻ 0.001), reflecting the probable decrease in endothelial NO production with aging, as has previously been reported in other studies (7, 42) . On the other hand, no such difference in L-NAME-induced stiffness increases was seen (Fig. 5B) .
These components, defined and separable under our experimental conditions, lead to an additive model of stress and stiffness. This model is presented visually in Fig. 5C in the context of stress, incorporating timescales as well as force responses to stretches that are normalized to wall geometry. We define the sum of baseline and active components of stress and stiffness as intact total and the sum of baseline and maximal active components as maximal total. When baseline and maximal active components of aortic stress and stiffness are plotted to display different fractions of the total, as shown in Fig. 5, D and E, it becomes evident that activated aortic smooth muscle (the source of maximal active components) accounts for more than half of maximal total stress and approximately half of maximal stiffness.
Tyrosine phosphorylation of focal adhesion proteins is impaired with aging because of decreased Src expression. Increases in aortic stiffness resulting from VSM activity give rise to the question of what molecular mechanisms underlie these contributions. Our group has previously shown that focal adhesions play a key role in regulating aortic stiffness (39) . The Src kinase inhibitor PP2 suppresses focal adhesion dynamics as measured by pTyr and endosomal recycling of focal adhesion proteins in aortic smooth muscle (26, 31) . This specifically alters cortical stiffness of VSMCs as measured by magnetic microneedle technology (39) . In contractile VSMCs, focal adhesion signaling during cell adhesion events is a major source of pTyr (37) . The majority of remaining phosphorylation events can be attributed to Ser/Thr phosphorylations (22) . Thus we performed screening with phosphotyrosine immunoblots as an indicator of focal adhesion signaling in young and old mouse aorta homogenates of vessels quick-frozen under the same conditions as the aortic rings used for stress and stiffness measurements.
pTyr levels of several bands in PE-stimulated young aortas increased significantly in the presence of the agonist (P Ͻ 0.05) (Fig. 6A) . Past work has identified the tyrosine phosphorylated bands in aorta as containing Cas (130 kDa), FAK (125 kDa), and paxillin (68 kDa) (26) . This increase was readily inhibited in the presence of PP2, an inhibitor of Src kinase (Fig. 6A) . In contrast, in old aortas PE produced no significant increase in pTyr and PP2 produced no statistically significant decrease in phosphorylation under the same conditions (Fig. 6B) .
To investigate further the ineffectiveness of Src inhibition in old aortas, we directly assayed expression levels of c-Src by immunoblot analysis. Densitometry of c-Src immunoblots of aortic homogenates, as shown in Fig. 6C , revealed a significant decrease in c-Src levels in aged aortas compared with young aortas, thus at least in part providing an explanation for the impaired regulation of FA signaling in the aortas from old mice. Since tubulin was used in these studies for normalization, the possibility arises that tubulin levels could differ with aging. To test for this possibility, we also quantified tubulin levels in young and old mouse aortas normalized to another "housekeeping" protein, GAPDH, and no significant difference was detectable (young: 0.646 Ϯ 0.149, old: 0.509 Ϯ 0.122; n ϭ 12 each, P ϭ 0.48).
Aging impairs action of a Src small-molecule inhibitor on aortic stiffness and stress. Since we have previously shown that focal adhesion signaling regulates stiffness in young aortas, the biochemical results above predict that the aortas from old mice should have impaired stress and stiffness responses to PP2. Thus we directly investigated the impact of inhibition of Src and focal adhesion signaling on stress and stiffness in the context of aging. After equilibration at baseline, aortas were treated with PP2 (10 M), which induced no significant change in stress or stiffness after 30 min of exposure in either young or old aortas (Ͻ2% change, ns). After this pretreatment, we activated the samples with PE for 15 min.
As previously reported (39) and confirmed here, PP2 reduced active stress and stiffness in young aortas, but, in marked contrast, the Src inhibitor produced no significant change in the and stiffness (B) plotted against strain for young and old proximal thoracic aortas in calcium-free environment using ramp input from slack to failure. No significant difference is observed at low strains, including the physiological range of 50 -80%. At higher strain levels, when collagen is heavily recruited because of large-amplitude stretching, old aortas are stiffer. Values are means Ϯ SE; n ϭ 6 young, 7 old. *P Ͻ 0.05, **P Ͻ 0.01.
maximal active stress of old aortas (Ϫ2%, ns) and a slight decrease in maximal active stiffness (Ϫ14%, P Ͻ 0.05). In comparing young and old samples we found that, in the presence of PP2, maximal active stress (Fig. 7A) and stiffness ( Fig. 7B ) of old aortas are more than twice those of young aortas. Thus the in vitro removal of the regulatory mechanism of focal adhesion signaling that normally is able to decrease stiffness in young vessels leads to a high stiffness state in old vessels, reminiscent of the increased PWV measurement in vivo in old vessels (35) .
DISCUSSION

Components of in vitro stress and stiffness are attributable to distinct tissue-level biological constituents of the aortic wall.
A major finding of the present study is that the smooth muscle cell is a major source and regulator of vascular stiffness, in contrast with the often-assumed dominance of ECM in effecting changes in wall stiffness with aging (15) . Also, activated VSM has previously been incorporated into mathematical models of vessel stiffness derived from pressurization studies (13, 34); here we quantify directly the contributions from VSMCs as percentages of total stiffness in an additive model established from real-time observations of force responses to mechanical uniaxial stretch and subsequent normalization to elastic modulus. These findings establish a new perspective in evaluating the relative importance of different biomechanical components in the aortic wall.
The baseline components reflect the biomechanical properties of the in vitro aortic sample without agonist activation of the VSMCs and thus are largely reflective of ECM; this is consistent with the lack of change in baseline mechanical properties to both PP2 and L-NAME. Acute agonist-induced effects are attributed solely to aortic VSMC contributions to stress and stiffness and can be further parsed into those that occur with and without the presence of endothelial NO production, respectively. Establishing such discrete quantities provides a way to compare the relative importance of different biological constituents of the aortic wall in their contributions to aortic stress and stiffness. Our results demonstrate that, when activated, VSMCs are undeniably significant effectors of both total aortic stress and vascular stiffness and, interestingly, are strongly subjected to persistent regulation by endothelial NO production.
Impaired focal adhesion regulation is a source of increased aortic stiffness with aging. In old aortas, the inefficacy of PP2 implicates focal adhesions as a site of defective cellular signaling with aging. It has previously been shown that Srcdependent aortic focal adhesion signaling and focal adhesion cycling play a critical role in regulating stress and stiffness induced by activation of VSMCs in young mice (31, 39) . We show here that old mice lose the response to the inhibitory effects of the Src inhibitor PP2 on agonist-induced stress, stiffness, and phosphotyrosine increases.
These results can be framed within the context of total aortic VSMC biomechanics as shown in Fig. 8 . The attachment of myosin cross bridges to actin in activated smooth muscle cells is a major component of agonist-induced stress and stiffness increases in VSMCs, while focal adhesions are known to play Fig. 6 . Agonist-induced, PP2-sensitive focal adhesion signaling is impaired in old aortas. A and B: mean Ϯ SE of densitometry for tyrosine phosphorylation (pTyr) for young and old mouse aortas, with typical blots shown. Typical gel image brightness was adjusted for visual clarity, but densitometry was based on raw data. n ϭ 10 young unstimulated, 4 young ϩPE and ϩPEϩPP2, 5 old for each treatment. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. C: densitometry of c-Src immunoblots of young and old aortic homogenates (n ϭ 3 each). Typical c-Src blot shown in inset; bands are from the same gel but have been digitally moved adjacent to each other. n ϭ 3 young, 3 old. *P Ͻ 0.05. the important role of linking the contractile filaments, through the nonmuscle cytoskeleton, to the ECM and the vessel wall via integrins. Alpha agonists as shown here and in past studies regulate both the contractile filaments and the focal adhesions (19, 40) . Normal focal adhesions in young aortas provide the capacity to regulate their maturation cycles and their connections to the nonmuscle cytoskeleton to accommodate changes in vessel stress and stiffness and provide, in essence, shock absorption against in vivo hemodynamic events. A similar mechanism has been proposed for airway smooth muscle (50) . This regulatory pathway and the consequent potential for shock absorption function are lost in old mice. HFLA-based measurements of stiffness combine reductionism with physiological relevance. The traditional engineering approach of large-scale stress-strain analysis, prevalent in mechanical analysis of materials, typically uses a high-amplitude ramp input that produces a stress-strain curve through loading and unloading a tissue sample with large stretches from the unloaded state, otherwise known as slack length or 0% strain. Stiffness in this protocol is defined as the incremental slope (stress-strain ratio) at a particular strain level. In this study, we used stress-strain curves to contextualize our observations of aortic stiffness with aging at specific strain levels. At high strain levels, old aortas have higher passive material stiffness consistent with greater collagen content and recruitment (43) . On the other hand, we confirmed the lack of a stiffness increase in old aortas at physiological strain levels, which we ascertained with the HFLA protocol.
While stress-strain curves define a large pool of stiffness data across a wide range of strain values, the high-amplitude protocol used to collect these data has several disadvantages. The large stretches disrupt actomyosin cross bridges, decreasing contractile responses in the VSM and removing a major source of cellular stiffness. In addition, VSMC force output depends critically on the level of stretch it experiences (28). Therefore, large-amplitude stretches disturb the system whose properties we are trying to measure. Furthermore, the stressstrain curve protocol stipulates the slack or unloaded state as the equilibration point before and after stretch; this prohibits the acquisition of steady-state stress data at any physiologically relevant aortic strain or during the response to a contractile agonist, which is more relevant to the in vivo biomechanical environment of the aorta.
The HFLA protocol, in contrast, uses low-amplitude stretches and ample equilibration time after perturbations and treatments, in correspondence with traditional isometric studies of smooth muscle cell contractility, to cause minimal perturbation of the system (8, 18) . Additionally, we are interested specifically in the mechanical properties of the aorta under physiological conditions. Thus HFLA allowed us in the present study to determine both steady-state stress and local stiffness via incremental stress-strain measurements at optimal length that preserves smooth muscle cell activity, functionality, and relevance.
Applications and limitations of in vitro results for in vivo predictions. The present results are an important first step in fully understanding the mechanisms of changes in aortic stiffness with aging and identifying potential molecular targets for the prevention or reversal of aging-induced increases in stiffness. Geometric considerations in vivo will modify the in situ stiffness of the aorta. These factors are challenging to measure accurately, since experimental animals are generally anesthetized for PWV measurements. In addition to geometric considerations, another notable factor in vivo that is not taken into consideration in an in vitro environment is the presence of multiple ill-defined neurohumoral mediators. We have shown the capacity of NO to dramatically modify the material properties of the aorta, but knowing how much NO is released at any point in time in vivo by blood shear forces is technically challenging (17, 41) . This reinforces the notion that the stiffness measurements made here are representative of mechanical properties that are inherent to the material, which is only one aspect of aortic function in vivo.
Additionally, the results presented here are definitive only for the experimental parameters used. The protocol applies only circumferential strain and does not account for the axial strain experienced by aorta in vivo (16) . Optimal length was determined to be at the same strain level-80%-in both young and old aortas and used to set vessel diameter in our studies, but it is unknown whether optimal length corresponds to a diameter characteristic of the predominant in vivo operating strain of either, especially where aging-associated hypertension is expected to increase diameter. The physiological range of strain defined by Wagenseil and Mecham (44) does not specify which values occur most commonly in mice of different ages during normal blood flow. Furthermore, the HFLA protocol is designed to minimize perturbations to cross bridges, but in vivo aortas undergo significantly larger deformation during the cardiac cycle, which may in itself alter cross bridge formation.
Despite these characteristics of an in vitro environment, we attempted to mimic in vivo conditions as closely as possible. At physiological mean strain and optimal length, in oxygenated salt solutions containing extracellular calcium, maintaining body temperature, and with fully viable VSMCs, we measured material stiffness of young and old mouse aorta with high reproducibility. We conclude from our results that the smooth Fig. 8 . Shock absorption via Src-mediated focal adhesion/nonmuscle cytoskeleton regulation is defective in old aortas: model of how changes in stiffness generated by cross-bridge attachment and remodeling of focal adhesions and nonmuscle cortical cytoskeleton can be regulated by a PP2-sensitive mechanism present in young but not old aortas. FA, focal adhesion; NMC, nonmuscle cytoskeleton; MLCK, myosin light chain kinase.
muscle focal adhesions represent a potential therapeutic target in the context of preventing or reversing increases in aortic stiffness. The reasons are threefold: first, the smooth muscle cell is a major regulator of stiffness at physiological lengths, as shown here; second, a Src small-molecule inhibitor is sufficient to counteract stiffness increases at the tissue level; and third, this capacity is diminished with aging. Therefore, an understanding of this mechanism may lead to an approach to reverse this aging-induced deficiency.
